Background: Tracheal tube tip and cuff positions of different cuffed paediatric tracheal tube brands in the trachea can vary with design.
Editor's key points
Use of cuffed tracheal tubes has become standard practice in paediatric anaesthesia, but it is not clear whether or not depth marks printed on currently available cuffed tubes are good indicators of appropriate depth. Depth marks printed on currently available cuffed tubes are not good indicators of adequate depth for placement of these tubes in children.
Use of cuffed tracheal tubes in children has become standard practice in paediatric anaesthesia. 1 Because of the relatively short tracheas of children, tracheal tube cuff position, tracheal tube cuff length, and accordingly the position of an intubation depth mark are critical in cuffed paediatric tracheal tubes. 2 Inadequately placed or absent intubation depth marks could lead to critical tracheal tube tip positions, with an increased risk of either accidental bronchial intubation or extubation. 3 Inadequate position, length of the tracheal tube cuff mounted on the tracheal tubes, or both could result in placement of the tracheal tube cuff in the subglottic or even in the supraglottic region. 4 Evidence exists that many cuffed paediatric tracheal tubes do not fit the paediatric anatomy, and manufacturers were urgently asked to improve their cuffed tracheal tubes for paediatrics. The aim of this study was to compare tracheal tube tip and cuff positions in the newest versions of currently available cuffed paediatric tracheal tubes within the airway of a large number of paediatric patients using different strategies for tracheal tube placement.
Methods
With ethics committee approval (Kantonale Ethikkommission Zurich BASEC-No 2015-00093), measured tracheal lengths from three previously published clinical studies all dealing with endoscopically and radiologically assessed tracheal tube position of an older (initial) version (2004) of the Microcuff Pediatric Endotracheal Tube (Microcuff PET, Microcuff GmbH, Weinheim, Germany) were pooled to a single database that included 426 patients.
7e9 Tracheal length-related patient characteristics included age, height, weight, and their age-related body height and weight percentiles. Data about tracheal length from patients aged from birth to 16 yr were included. Four patients from one study 6 had to be excluded because of ages higher than 16 yr. Overall, the individually measured tracheal lengths from 422 patients were included in this study. Seven different, currently available cuffed paediatric tracheal tube brands with ID from 3.0 to 7.0 mm were ordered between March 2014 and January 2015 from their local distributors (Table 1) .
The distance between the distal tracheal tube tip and the upper border of the tracheal tube cuff (A), and the distance between the distal tracheal tube tip and the lower border of the intubation depth mark, if available, (B) were measured. All distances were measured by two different investigators using a sliding calliper with the tracheal tube cuff inflated to a pressure of 20 cm H 2 O, as confirmed by a manual cuff pressure manometer (Cuff Manometer, Mallinckrodt Medical, Athlone, Ireland). Both investigators repeated each measurement five times in two samples of each tracheal tube brand and size. Data are given as median. Median values were used for further calculations.
Assessments
The position of the tracheal tube tip and upper border of the tracheal tube cuff was mathematically assessed within each trachea of the 422 patients using the following five different tracheal tube placement strategies: 1) Tracheal tube placed with the lower border of the intubation depth mark at the vocal cord level. 8 2) Tracheal tube placed at a calculated safety distance above the carina to prevent accidental bronchial intubation during potential head-neck flexion (safety distance in mm¼0.83Âage in yearsþ9.3). Tracheal tube sizes (ID) were chosen using the widely used Motoyama size recommendation for the selection of cuffed paediatric tracheal tubes (Table 2) . 14 The number (%) of accidental bronchial intubations, and tracheal tube tips placed at risk for accidental bronchial intubation in the case of potential 30 head-neck flexion, 9 and number (%) of tracheal tube cuff positions in the subglottic (cricoid cartilage to the vocal cords) and even supraglottic (above the vocal cords) regions were calculated for each tracheal tube brand and size. The subglottic region has been defined using the latest data on vocal cord to cricoid ring distance, with the assumption that the subglottic region in newborns is about 11 mm and in 16-yr-old patients is about 24 mm. 
Results
In total, tracheal lengths from 422 patients (192 girls, 230 boys) aged from 0.02 to 16.0 yr (median 5.3 yr) were pooled and further used for this study.
7e9 Median age-related body height percentile was 50% (inter-quartile range 25e75%) and median age-related body weight percentile 50% (inter-quartile range 25e75%). Measured tracheal length ranged from 3.6 to 13.5 cm (median 6.8 cm) and demonstrated a good correlation with age (r¼0.9) and height (r¼0.9) (Appendix I).
In total, 57 pairs of cuffed paediatric tracheal tubes sized ID 3.0e7.0 mm from four different manufacturers were analysed, resulting in 1140 measurements. Illustrations of the distal part of the cuffed tracheal paediatric tubes investigated are given in Fig. 1 . Measured tracheal tube-related data are presented in Appendix II. Mean difference of measured distances between two assessors was 0.25 mm (0.75%) for distance A and 0.23 mm (0.48%) for distance B (i.e. <1%).
Depth mark based tracheal tube placement resulted in accidental bronchial tube positions of up to 18% and up to 91% of tracheal tube cuffs being placed in the subglottic region. Tracheal tube tip placement at a calculated safety distance above the carina resulted in up to 54% too high placed tracheal tube cuffs. Mid-tracheal tube placement led to 100% of tracheal tube cuffs being positioned in the subglottic or even supraglottic region. Calculated tracheal tube tip and upper tracheal tube cuff border positions within the paediatric airway when intubated according to Settings 1e5 are summarised in Table 3 and displayed in Appendices IIIeVII.
Discussion
This study mathematically assessed the appropriateness of the dimensional design of seven currently available cuffed paediatric tracheal tube brands by means of 422 individual tracheal lengths. The main finding is that none of the seven cuffed paediatric tracheal tube brands allowed safe tracheal tube placement, regardless of tracheal tube placement strategy used.
Intubation depth marks of cuffed tracheal tubes are essential to allow tracheal tube cuff placement below the cricoid ring, to avoid pressure to the susceptible subglottic airway mucosa, to prevent damage through pressure to the anterior branch of the internal laryngeal nerve, and to guarantee a safe tracheal tube position, preventing accidental bronchial intubation and accidental extubation. 8, 17 The results clearly demonstrate that the cuff free area on the tracheal tube shaft below the depth mark is in general too short (Setting 1), so that in up to 91% of intubations the tracheal tube cuffs become positioned above the cricoid ring. In some tracheal tubes, the tip to intubation depth mark distance is too long, resulting in potential or real accidental bronchial intubation.
Using tracheal tube placement with the tracheal tube tip placed at an age-related safety distance above the carina (Setting 2), the tracheal tube cuffs become positioned in the subglottic region in up to 54% of intubations. This indicates that the tracheal tube cuffs are placed too high on the tube shaft, the tracheal tube cuffs are too long, or both.
These dimensional shortcomings were addressed more than 10 yr ago. 4 Unfortunately, the manufacturers have not appropriatelydif at alldadapted their cuffed paediatric tracheal tubes brands accordingly. In the meantime, the Microcuff PET has been introduced to the market and Covidien (Mallinckrodt, Athlone, Ireland) has replaced some of their cuffed paediatric tube brands with the Curity tracheal tube. Although the Microcuff PET was originally designed on paediatric anatomic airway data, the upper tracheal tube cuff border nevertheless becomes positioned in the subglottic region in Setting 1. This is because a newly published report on paediatric airway dimensions indicates longer vocal cord to cricoid distances than those used for the initial design of the original Microcuff PET. 19 In the meantime, the distance between the intubation depth mark and upper tracheal tube cuff border in the Microcuff PET has been enlarged. This enlargement led to some tracheal tube tips being placed where they risk potential accidental bronchial intubation. The new Curity tracheal tube and the Mallinckrodt-HiContour tracheal tube demonstrate the largest cuff free subglottic distance consistent with the lowest rate of subglottic tracheal tube cuff positions, particularly in younger children. However, both tracheal tubes revealed a high incidence of too deeply positioned tracheal tube tip when placed with the intubation depth mark at the glottic level (Setting 1). The lack of intubation depth marks, the confusion of the black lines on tracheal tubes, and complicated age-based formulas for calculating oral/nasal tracheal tube insertion depth in children have led to other strategies for appropriate tracheal tube placement. Mid-tracheal tube placement by sternal notch palpation, a target distance to carina, a fixed tracheal insertion depth of 3 cm, tracheal tube insertion length related to the tube's ID, or a middle finger length-based tracheal intubation depth have been proposed and adopted by practising paediatric anaesthetists. 10e13,19,20 Most of these tracheal tube placement strategies work well using uncuffed tracheal tubes. However, with currently available and tested cuffed paediatric tracheal tubes they lead to subglottic or even supraglottic tracheal tube cuff positions in about 25e100% and accidental bronchial intubation in 9% of patients (Settings 3e5).
Gamble and colleagues 11 examined mid-tracheal tube placement by sternal notch palpation using cuffed and uncuffed tracheal tubes at the discretion of the attending anaesthesiologist. They found that the use of tracheal palpation to guide ETT placement worked consistently and was a better guide than ID-related oral tracheal tube insertion depth. Unfortunately, they did not consider upper tracheal tube cuff position in their study. Palpation of a tracheal tube cuff to verify and adjust correct tracheal tube placement has also been studied, initially in adults and later in children. 21, 22 Moll and colleagues 21 studied the cuff palpation technique in children up to 4 yr of age. Compared with intubation depth mark based tracheal tube placement, they found significantly lower placed tracheal tube cuffs within the trachea using the cuff palpation technique. However, many of the tube tips were positioned critically low. 21 Besides this, the technique is not easy to perform and the tracheal tube cuff palpation requires movement of the tracheal tube within the trachea after intubation, with the potential risk of tracheal mucosal irritation or even trauma. The implications of our findings are that, regardless of the strategy for tube placement used, all studied cuffed paediatric tracheal tubes have dimensional limitations. Tracheal tube cuffs placed within the cricoid, the subglottic region, and between the vocal cords are a serious risk for airway damage in children. 17 Too deeply inserted tracheal tubes have the risk for accidental bronchial intubation with related complications such as hypoxaemia, atelectasis, and pneumothorax. Such an inappropriate design in adult cuffed tracheal tubes would lead to their recall. There is no reason why cuffed paediatric tracheal tubes should not be appropriately designed for children. As the most important criteria for an ideal or perfect cuffed paediatric tracheal tube, an appropriately placed intubation depth mark and a short distally placed high volumeelow pressure tracheal tube cuff are mandatory. Consecutively, improvements in designing shorter tracheal tube cuffs with efficient sealing characteristics are needed.
No real time measurements with fibreoptic endoscopy or fluoroscopy were performed in this study. The used set-up with 422 different tracheal length data allow representative comparison of seven different tracheal tube brands by using different tracheal tube placement strategies. The pooled database of 422 paediatric tracheal lengths with median agerelated body height and weight percentiles of 50% correspond to a valuable population. Age-related tracheal lengths were in agreement with other publications. 23, 24 Regression data on vocal cord to cricoid distance, and margin of safety for accidental bronchial intubation during headeneck flexion were taken from the most recent published literature and not individually measured in our study. 9,15e18 This may be regarded as a limitation of the study. The current study did not include dimensional data of the tracheal tube cuff shoulder potentially damaging the mucosa of the narrow, susceptible paediatric airways. 25 Finally, the study did not examine all cuffed paediatric tracheal tubes brands available worldwide, however, the inclusion of major tracheal tube manufacturers provides representative conclusions.
In conclusion, all investigated brands of cuffed paediatric tracheal tubes still have major design flaws, and their dimensional shortcomings can result in airway complications. 
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